ABSTRACT. Objective. The prevalence rate of all types of limb reduction defects in general and those that potentially are caused by vascular disruption in particular is needed to provide a baseline for the evaluation of infants who are exposed in utero to teratogens that cause vascular disruption. The objective of this study was to determine this prevalence rate.
L imb deficiencies are a widely known outcome associated with teratogenic exposures during pregnancy, such as thalidomide, 1 misoprostol (prostaglandin E 1 analog), 2 and the prenatal diagnosis procedure chorionic villus sampling (CVS). [3] [4] [5] Each of these teratogens produces a distinctive pattern of limb defects. Specifically, infants who are damaged in utero by thalidomide have a symmetrical pattern of deficiency (or polydactyly) on the preaxial side of both arms and legs. 1 By contrast, infants who are exposed early in pregnancy to misoprostol and CVS have asymmetrical digit loss, constriction rings, and syndactyly. These abnormalities are attributed to the process of vascular disruption in limb structures that had formed normally and include defects referred to as the amniotic band syndrome.
The recognized causes of vascular disruption in the fetus, in addition to the prostaglandin misoprostol administered in the second month of pregnancy 2 and CVS, especially before 10 weeks' gestation, [3] [4] [5] include exposure to ergotamine, 6 dilation and curettage, 7 and trauma to the abdomen (and placenta). 8 This means that limb reduction defects that are labeled as amniotic band syndrome can have 1 of several different underlying causes. Experimental studies 9 suggest that the sequence of events that leads to these similar deformities is hypoxia, followed by endothelial cell damage, hemorrhage, tissue loss, and reperfusion. In addition to digit defects, the phenotypic effects of these exposures may include arthrogryposis 10 and bowel atresia. 11, 12 Previous studies of the frequency of limb reduction defects were based on large populations, such as an entire country (eg, Sweden), 13 or a large region, (eg, eastern France) 14 or a province (eg, British Columbia). 15 Unfortunately, the details on the specific deficiencies in each affected infant are not always available in a large population survey. Another problem is the lack of a consensus as to the best way to classify limb reduction defects. 16 In particular, should there be a category for limb deficiencies attributed to amniotic bands? In studies of the limb reduction defects associated with CVS, some authors excluded this group 17 and others included it. 18 However, several reported CVS-exposed infants with limb reduction defects have had absence of the distal portion of the third finger 19 20 with or without tapering and stiffness, which could be considered consistent with the diagnosis of the amniotic band syndrome. Therefore, if a deficiency of 1 or 2 digits can be caused by exposure to a teratogen, then these specific outcomes must be included in the assessment of the fetal risks from these exposures.
We used an active hospital-based malformations surveillance program of newborn infants to establish the frequency of all types of limb deficiency, including those caused by vascular disruption. We also included a tabulation of absence/hypoplasia of any single digit or any combination of digits in the hands and feet (Fig 1) .
METHODS
This study used the data that had been obtained by the Active Malformations Surveillance Program at Brigham and Women's Hospital (BWH), the methodology of which has been described previously. 21 The study period was 1972 to 1974 and 1979 to 1994, during which time all infants with major malformations were identified among liveborn and stillborn infants and all elective terminations performed in the second trimester because of suspected fetal abnormalities. The initial study period was February 16, 1972 , to February 15, 1975 , but is referred to as 1972 to 1974; the surveillance program was not conducted from February 16, 1975 , to December 31, 1978, because of a lack of space and funds.
A major malformation was defined as a structural abnormality with surgical, medical, or cosmetic importance. A limb deficiency was defined as the absence or hypoplasia of a phalanx, metacarpal or metatarsal bone, or portion of any long bone large enough to produce a significant deformity that could be detected at birth by the examining physician. Excluded from this tabulation was mild shortening of digits as a result of brachydactyly as an isolated finding or as part of a skeletal dysplasia, curvature (eg, clinodactyly of the fifth finger or bowing of the tibia due to fetal positioning), and digits considered "hypoplastic" in appearance but not shortened. A product of conception delivered by a destructive procedure to terminate the pregnancy was excluded when the presence of the deficiency diagnosed in prenatal sonography was not confirmed in the postmortem examination. The term "isolated limb reduction defect" was used to refer to the infant who had no major malformations involving nonlimb structures; the infant with an isolated limb reduction defect could have abnormalities in 1 or more limbs, including arms and legs. The infant with multiple malformations had major malformations of both limb(s) and nonlimb structures.
In the Active Malformations Surveillance Program, the index cases were identified from the review of the findings either in the initial examinations by the pediatricians of each liveborn infant or by the pathologist at autopsy or the surgeon in an operation. In addition, a questionnaire was administered by a research assistant to the mother postpartum to review the pregnancy, medical, and family histories. Other sources of information were chromosome analyses; diagnostic studies, such as ultrasound, magnetic resonance imaging, and computed tomographic scans; and the report of all consultants who had evaluated each affected infant. Clinical diagnoses were established from a review of the clinical and laboratory findings, rather than by reliance on the diagnosis coded on discharge or on birth certificates.
To be an index case in this study, the infant with the limb reduction defect had to have been identified by surveillance personnel within the first 5 days of life, even if the diagnosis was not clarified. The period of 5 days was established in the first study period, 1972 to 1974, when the infants who were born after a vaginal delivery were discharged from the hospital routinely on the fifth day postpartum.
All infants in the computerized database with diagnoses of International Classification of Diseases, Ninth Revision (ICD-9) codes 755.2 to 755.4 were identified; these codes designate reduction defects of the upper limbs, lower limbs, and unspecified locations. The surveillance program questionnaire was used as the primary source of information as to the sex, gestational age, race, possible multiple gestations, exposure to a known teratogen, and family history. When this information had not been recorded at the time of the initial enrollment, it was obtained from the infant's and the mother's medical records and the surgeon's records. Photographs and radiographs taken of any of these infants at birth were reviewed to confirm the anatomic findings. When a relative was reported to have a limb reduction defect of any type, the family was contacted and asked to provide more details. The findings in relatives were evaluated to identify any hereditary disorder.
In an effort to find infants who were born at BWH and who had been missed by the surveillance program, 8 local hand surgeons and plastic surgeons were asked to provide a list of their patients who had been born in the study years 1972 to 1974 and 1979 to 1994 and had diagnoses in ICD-9 codes 755.2 to 755.4. The medical record department at the adjacent Boston Children's Hospital also was asked to provide a list of patients who were seen there and who had any of the diagnoses of interest. The BWH medical records were reviewed to determine whether the infants with that last name and identified elsewhere had been born at BWH on that date of birth. When the infants were found to have been born at BWH, the medical records of the surgeon's office, Boston Children's Hospital, and BWH were reviewed to establish the phenotype, the apparent cause, and family history. In addition, letters were sent to all families of affected infants who had unknown causes or who were missed on surveillance to invite them to come to the hospital for a study-related examination at no charge.
After all index cases had been identified, they were subdivided into those whose mothers had always planned to deliver at BWH (called nontransfers) and those who had transferred to BWH for care after the prenatal detection elsewhere of a fetal abnormality (called transfers). Information about exposure to any prenatal testing was obtained from the interview of the mother by the surveillance study personnel and the mother's medical record. In addition, the list of all women who had had CVS in the study years through the BWH prenatal diagnosis program was reviewed for the names of women whose children had been identified as having a limb reduction defect.
For the anatomic classification, a nosology that combined the systems of Kallen, 13 Stoll et al, 14 and Froster and Baird 15 was used. The definition used for a longitudinal defect was either absence or hypoplasia of the first (and second) digit or absence or hypoplasia of the fifth (and fourth) digit. A longitudinal central deficiency was absence or hypoplasia of digit 3 alone, 2 and 3, or 3 and 4. The  Fig 1. Fusion of fingers 3 and 4 with tissue loss at the end.
term "terminal transverse" was used for absence or hypoplasia of digits 1 to 5, 2 to 5, or 1 to 4. (Table 1) To record separately absence or hypoplasia of 1, 2, 3, 4, and 5 digits in the hands or feet and possible combinations, we used a separate classification for isolated limb reduction defects involving the hands only (Table 2 ) and the feet only (Table 3) . In these tabulations, an infant with similar deficiencies in both hands but with different degrees of severity was classified as bilateral and by the pattern in the more severely affected hand. Infants with mixed defects, ie, different types of deficiencies, on each hand were classified by only 1 of these defects and are listed in the legends. Two infants had limb reduction defects involving the hands and feet; these are not included in either table.
The apparent cause assigned for each affected infant was based on the pregnancy history (for teratogenic exposures), family history, and a review of the infant's medical record that focused on the findings of the examining pediatricians, all consultants, and laboratory tests (Table 4) . Those listed as being due to vascular disruption were limb reduction defects that either have been described in infants who have been exposed to a teratogen considered to have this effect, such as misoprostol and CVS, or have been produced in animal models of vascular disruption, such as clamping the uterine artery. 9 These phenotypes included terminal transverse limb defects with residual nubbins, Poland's anomaly, amniotic band syndrome, and Moebius syndrome, when limb reduction defects also were present.
RESULTS
Among the 161 252 liveborn and stillborn infants and elective terminations surveyed, 102 infants of nontransfers had diagnoses in ICD-9 codes 755.2 to 755.4. None had been exposed to CVS; 1 had been exposed to misoprostol. 22 There were 82 exclusions: 2 infants with skeletal dysplasias, 4 with a type of brachydactyly, 71 maternal transfers, and 5 spontaneous abortions of Ͻ20 weeks' gestational age. Twenty percent of the index cases were from pregnancies that were terminated electively.
Affected Infants Not Identified by Surveillance
A total of 1167 children who were born in the study years and diagnosed as having a limb reduction defect (ICD-9 codes 755.2-755.4) were identified in a review of medical records at 8 doctors' offices and in the medical records at the adjacent Boston Children's Hospital; 65 of those children had been born at BWH. Eight (7.3%) had a limb deficiency that had not been identified correctly by the Active Malformations Surveillance Program; 5 of these 8 infants were not identified by surveillance personnel, but their limb reduction defects had been noted by either the pediatrician or a consultant before the infant's discharge. Their limb defects were absence of fibula and toes 2 to 5, unilateral (1); hypoplasia of third metacarpal and phalanges of third finger, unilateral (1) (Fig 3) ; unilateral brachydactyly of fingers 2 to 5, as part of Poland anomaly (1); hypoplasia of toes 2 to 5, unilateral, as part of a multiple anomaly syndrome of unknown cause (1); and absence of fibula, unilateral, with normal toes (1). Three of these 8 infants were not identified because the findings of the limb deficiency either were not recorded at all or were not recorded until after 5 days of age: absence of distal phalanx of index finger (1) or fifth finger (1); absence of fifth finger (1). We reviewed the reasons that the infants were missed and took steps to try to prevent the same mistakes from happening again. For instance, the missed infant with the absent fibula and absent toes 2 to 5 had been born on a Friday afternoon and discharged on Monday morning between Left hand, brachydactyly of the third and fourth digits; right hand, brachydactyly of the second and third digits (Fig 2) .
¶ Left hand, absence of the distal and middle phalanges of digits 2, 3, and 4 and hypoplasia of the distal and middle phalanges of the fifth digit and only approximately one half of the development of the proximal phalanges of all 4 digits; right hand, distal phalanges of the second and third digits are hypoplastic. # Left hand, hypoplastic digits 1 to 5; right hand, hypoplastic digits 3 to 5. the reviews by surveillance personnel. At that time, surveillance was conducted only from Monday through Friday. Thereafter, it was conducted on Saturday as well. The addition of these 8 missed cases increased the number of infants of nontransferred mothers with some type of limb deficiency to 110, for a prevalence rate of 0.69/1000 (Table 1) .
Anatomic Classification
Tabulation of anatomic classification (Table 1) showed that 1) limb reduction defects were much more common in the arms alone (77 [70%] of 110 deficiencies ) than in the legs alone (18%) or both arms and legs (12%) and 2) in the arms, preaxial deficiencies, such as absent thumb, accounted for 27% of the deficiencies and terminal transverse limb reduction defects accounted for 31% of the deficiencies.
The separate tabulation of the absence or hypoplasia of 1 or more fingers and toes in infants with no other nonskeletal malformations showed that absence or hypoplasia of the fingers was much more common than absence or hypoplasia of the toes (Tables 2 and 3). In the hands, shortening or absence of all 5 fingers was the most common phenotype and was unilateral in 8 of the 9 affected infants (89%). Involvement of only the third finger alone or only fingers 2 and 3 occurred twice and once, respectively, in the 110 infants with limb deficiencies. No distribution of deficiencies of toes could be established because only 8 infants were affected. Only 1 infant had absence of the third toe with constriction bands as an isolated malformation.
Classification by Cause
Limb reduction defects that were associated with known hereditary disorders (15%), chromosome abnormalities (6%), specific malformation syndromes (5%), and unclassified but familial phenotypes (4%) accounted for 30% of the limb defects identified (Table 4). In addition, 3.9% of the infants had been exposed to recognized teratogens, either misoprostol 22 or maternal diabetes. Therefore, the balance (66%) had other causes, divided almost equally between vascular disruption (34%) and no recognized cause (32%), such as absent fibula.
There were difficulties with the etiologic classification because of associated characteristics. For example, 1 infant with a terminal transverse limb reduction defect that included residual nubbins had a similarly affected first cousin. Her deficiency could be classified by appearance as having been caused by the process of vascular disruption but also was listed (Table 4) as being familial. Another problem was the uncertainty as to whether the limb reduction defect in an infant of a diabetic mother was, in fact, attributable to the mother's diabetes, as there is no such established association. 23 The findings in this classification by cause confirm the significant degree of heterogeneity in the recognized causes of limb deficiencies.
CONCLUSION
This is the first report of the frequency of limb reduction defects attributable to the process of vascular disruption in a large population of newborn infants. The study benefited from the thorough evaluations of affected infants that made it possible to identify both the specific fingers or toes affected and the most likely underlying cause.
This study showed that a hospital-based malformations surveillance program can be used to determine the prevalence of all types of limb deficiency. However, to be complete, this type of program must include affected infants from elective terminations, as a significant number (20% in this study) of the affected fetuses identified were from pregnancies that had been terminated electively. It also must exclude infants who are born to women who had planned, before prenatal screening, to deliver at another hospital. If the maternal transfers had been included, then the prevalence rate would have been 1.1 per 1000 rather than 0.69/1000. There always is the chance that the surveillance program personnel will not identify an affected infant. However, this study showed that only 7.3% (8 of 110) of the affected infants were missed.
The prevalence rate determined (0.69/1000) is similar to the overall prevalence rates reported by Kallen 13 (0.68/1000), Stoll et al 14 (1. 04/1000), and Froster and Baird 15 (0.6/1000). However, the period of time used for case ascertainment in each of these 1974 and 1979 to 1994 studies was greater than the first 5 days of life, the postnatal period of ascertainment used by our surveillance program.
A careful review of the clinical findings rather than reliance only on ICD-9 codes was needed to delineate specific causes. For example, 22 infants had absence or hypoplasia of the thumb with or without hypoplasia of the radius; 14 of these infants had at least 1 other malformation in addition to the limb reduction defect. The causes of the limb reduction defects in the 22 infants established from the clinical review were as follows: 6 (27%) due to dominant or recessive genes, such as Holt-Oram syndrome (1), Fanconi's Anemia (3), split hand deformity (1), and thrombocytopenia-radial aplasia (1); 2 (9%) associated with maternal insulin-dependent diabetes; and 3 (14%) associated with chromosome abnormalities, eg, trisomy 18. No cause was determined for 11 (50%) of the infants with absence or hypoplasia of the thumb. The attribution of limb reduction defects to vascular disruption was based on the fact that similar phenotypes have been observed in infants who had had an exposure, such as CVS, misoprostol, and ergotamine, which are thought to produce limb deficiencies by the process of vascular disruption. In a specific infant without such an exposure, the clinician cannot prove that this process occurred, except indirectly when the fetal membranes show absence of the epithelium of the amnion, as occurs in the case of amnion rupture. 22 Even after the clinical review, no cause was apparent for 32% of these limb reduction defects. We realize that the cause of some limb reduction defects will never be identified. We also recognize that even if a limb reduction defect is apparently caused by a vascular disruption, the factor that caused this disruption to occur often is not known. This study showed that isolated limb reduction defects that involve 1, 2, or 3 digits can be identified by an active surveillance program and are common (16 of 110; 15% of all defects). Some of these infants had associated constriction rings and digit fusion, but most did not. Because both misoprostol-exposed 2, 22 and CVS-exposed infants 5, 19, 20 (D. Wilson, personal communication, September 22, 1999 , and J. Zachary, personal communication, January 3, 2000) have an increased frequency of limb reduction defects involving only 1 or 2 digits, including some with the appearance of the amniotic band type of defects, this baseline frequency could be particularly helpful to the study of infants who have had those exposures.
Both clinical 24, 25 and experimental 9 studies of the amniotic band syndrome confirm the need for a classification of limb reduction defects that identifies the specific digits affected. Light and Ogden 24 and Czeizel et al, 25 in their respective reviews of 88 and 126 affected children, found that the hands were involved much more often than the feet and that the most frequently affected fingers were the third, fourth, and second, in that order. The animal model of fetal hypoxia, described by Webster et al, 9 showed that hypoplasia of digits 2 to 4 could be produced, including hypoplasia of only the distal portion of the middle finger, a finding observed among CVS-exposed infants with limb reduction defects 19 
Wilson, personal communication, September 22, 1999) . This possible correlation of CVS exposure with a rare type of digit reduction defect underscores the importance of being able to identify this category in a study of the birth prevalence of limb reduction defects.
Additional progress will be made in the delineation of the causes of limb deficiencies when mutation analysis can be conducted routinely. For example, some of the infants whose only malformation is absence or hypoplasia of the thumb could have the Holt-Oram syndrome, as thumb deformities have been shown to be the only manifestation of some of the mutations in the TBX5 gene. 26 
Fig 3.
Radiograph of infant with hypoplasia of third finger, showing shortening of metacarpal and proximal phalanx. The initial description of this deformity was "a flexion deformity due to abnormal positioning." (This case was missed by the Surveillance review, as the more specific description by the consultant in plastic surgery was not noted.)
